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INTRODUCTION
The development of gas turbines that operate at higher gas temperatures in the turbine section, with a simultaneous increase of the pressure ratio, is a continuing trend to increase their thermal efficiency. This requires a careful design of the mechanically and thermally stressed parts of the gas turbine. To estimate these stresses, a proper evaluation of temperature distributions in units and components, operating in the hottest zones, is necessary. In such a zone temperature non-uniformities may lead to considerable additional stresses. Their acceptable value is also a function of the temperature level.
Figure I: Rotating enclosure in a rotor
At present only an approximate estimation of the temperature distribution in a gas turbine rotor containing closed gas-filled enclosures ( Fig. 1 ) is possible. In those cavities a strong, free convective flow is induced. This convection is caused by the buoyancy force corresponding to centrifugal acceleration and different temperatures of the cavity walls. Such a flow increases the beat transfer throughout the cavities considerably.
In the past many theoretical and experimental investigations have been carried out, to study the heat transfer in rotating enclosures with a throughflow of cooling fluid, e.g. Ong et al. (1991 ), Farthing et al. (1992 . Owen et al. (1985) . For sealed cavities with a purely free convection flow, the known theoretical and experimental investigations pertain mainly to constant temperature walls, and are limited to qualitative descriptions of the convective processes. These investigations differ with respect to the direction of the heat flux in the cavity.
Most of the investigations were performed for an axially directed heat flux applied to a cylindrical rotating enclosure. For a rotating cavity with an entirely centripetal heat flux Zysina-Molozhen and Salov (1977) analyzed experimentally the influence of rotational speed and various thermal boundary conditions on heat transfer in a rotating annular enclosure. Photographs were taken, showing the flow pattern inside the enclosure. They note the absence of any regular fluid circulation contours in the cavity. Lin and Preckshot (1979) calculated the temperature, velocity and streamline distribution for relatively low rates of acceleration.
Experimental and theoretical investigations on the heat transfer in a closed rotating cavity with a centripetally directed heat flux were carried out in a previous paper by Bohn, Deuker, Emunds and Goaelitz (1995) . There, the feasability of numerical prediction on the flow and the heat transfer was shown by comparison of the numerical results with the experimental data. It was also found that the flow inside the cavity might be unstable. However, these computations were conducted only with the assumption of laminar flow inside the cavity.
There are a number of publications on the numerical simulation of turbulent flows in cavity configurations with thmughflow and rotor-stator systems. For turbulence modeling most authors use variations of low-Reynolds k-E models., e.g. lb et. al. (1996) , Gan et. al (1996) and Iacovides et al. (1996) . There are other approaches, too, like Reynolds-Stress modeling, e.g. lacovides et al. Izenson et. al. (1995) , and multiple scale k-E models (Goo and Rhode, 1995) .
Nevertheless, there is still a lack of knowledge concerning the influence of iurbulence in closed rotating cavities operating under conditions valid for gas turbines.
To assess this influence, in this paper a closed rotating annulus with a 45° segmentation is used for the numerical study (Fig. 2) . The computations are compared to experimental data gathered for the same model cavity and reported by Bohn et. al. (1995) and Gorzelitz (1994) . For a description of the experimental setup, please refer to Bohn et. al. (1995 and . Additionally, effects of three-dimensionality are examined.
The segmented annulus is chosen, because it requires considerably less computational effort and exhibits a much more stable flow simonize, which is important for analyzing the basic effects.
By analyzing the basic conservation equations of mass, momentum and energy (see below) it can be demonstrated that Nu = f (Ra, Re, Pr, FUrm , bhm) (
The Nusselt number (Nu) is defined as the ratio of the heat flux throughout the cavity to that flux which would occur in solidbody rotation without any motion relative to a co-rotating frame of reference; Thus, Nu is equal to unity for no convection and is greater than unity when convection takes place. The rotational Reynolds number (Re) has its origin in the Coriolis force terms in the momentum equations. In contrast to the case of an axially directed heat flux its influence is relatively small for the centripetal heat flux (Bohn et al., 1996) . Because of the relatively little influence of the Coriolis forces in the segmented cavity, the calculated paint of operation of Ra=t .64 . 10 9 is expected to be in the turbulent flow regime (Ra > 10 9). The rotational Rayleigh number (Ra) is the product of the Grashof number and the Prandtl number and is related to the buoyancy term in the radial momentum equation. The Prandll number (Pr) is a combination of fluid properties and does not change significantly due to temperature variations.
NUMERICAL PROCEDURE
The flow in the rotating cavity is described by the NavierStokes conservation equations for mass (2), momentum (3) and energy (4). In common tensor form, these equations read:
Some important assumptions should be mentioned in this regard. The equations (2) 
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The eddy viscosity hypothesis has been used to take turbulence effects into account, hence the effective viscosity n eff is the sum of the laminar viscosity p. and the turbulent viscosity ut. Two additional equations for the turbulent kinetic energy k (5) and the dissipation rate e (6) have to be solved to calculate the turbulent viscosity which is not a fluid property, but depends on the flow field. The low-Reynolds-version of Launder and Sharma (1974) has been used (5), (6) and (7):
441. The set of equations is closed by the ideal gas law.
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Numerical scheme
A modem fully implicit Finite-Volume-scheme has been used for solving the set of partial differential equations (2-6) numerically. The SIMPLEC pressure-correction (Van Doormal and Raithby 1984) algorithm is adapted on a non-staggered grid, while avoiding the chequerboard oscillations by using the improved Rhie-Chow interpolation method (Rhie and Chow 1983). For the diffusion terms a central differencing scheme is used, while the advection terms are discretised by hybrid differencing in which central differencing is used if the mesh Peclet number is less than 2, and upwind differencing, if the mesh Peclet number is greater than 2. In Figure 2 the calculated cavity is shown schematically. The computational domain and boundary conditions are equivalent to an experimental setup reported by Bohn et al. (1995 Bohn et al. ( , 1996 . The domain consists of an annulus segmented into eight 45°-segments. These are divided from each other by insulating walls. The outer wall is heated up to a constant temperature of 346.5 K and the hub is cooled down to a constant temperature of 320 K. All other walls are assumed to be adiabatic. At the walls the velocity (within the frame of referece) is zero. The Rayleigh number is 1.638 • 10 9 and the rotational Re-number is 2.151 104. The calculation has been started with zero velocities and three different initial temperature distributions (constant, linear profile, partly linear profile) converging to the same results.
The computational mesh has been refined once, resulting in only slight differences. The results in this paper are all taken from the finer mesh, which consists of 38 cells in radial, 30 cells in axial and 34 cells in circumferential direction with a total of 38760 cells. It is shown in Fig. 3 . In the two-dimensional calculation the axial direction is discretized with 1 cell and at the axial walls periodicity is assumed giving a purely twodimensional flow in the same cavity. 
RESULTS
Jnfluence of turbulence
By comparing computations of the rotating cavity for laminar and turbulent flow using exactly the same boundary conditions enables one to assess the influence of turbulence in this type of flow. Both computations were converged several orders of magnitude ensuring steady-state flow. The difference between the integral heat flux into the cavity and out of the cavity was neglegible (<4%). The maximum turbulence degree, calculated with the maximum velocity in the cavity, is located in corners 1 and 3 an exceeds 5%. Looking at the velocity inside the rotating cavity some significant differences become obvious (Fig. 4) . The vector length is scaled exactly equal in both figures. The maximum velocity of the laminar flow is 1.09 m/s compared to 0.89 rn/s for the turbulent one. This difference is due to the increased effective viscosity in the turbulent flow consisting of the sum of the molecular and the turbulent viscosities. This viscosity increase dampens the fluid motion through increased shear within the flow.
That mechanism also causes the two vortices embedded in the large main vortex, which transports the hot air from the outer wall to the inner wall and the cold air from the inner to the outer wall, to exist only in the laminar case. In the turbulent case there is only little fluid motion in the center region, which is consistent with the Taylor-Proudman theorem. While the velocity profiles in the laminar flow exhibit a significant maximum velocity near the segmentation walls with a decreasing velocity gradient towards the cavity-center, the increased shear in the turbulent case damps this maximum. Therefore, the flow is faster in the region between the maximum velocity and the center. This leads to a different form of the corner vortex in corner I.
Although turbulence generally damps these vortices, which can also be seen in the size of the other 3 corner vortices, corner vortex 1 is larger in the turbulent case. This is due to the flater velocity profile in the segmentation wall boundary layer. In the layer near the segmentation wall, the laminar flow has more momentum. For this reason it is not as quickly redirected as in the turbulent case. Hence, it impinges the inner cylindrical wall at an angle closer to 90°. 'Ibis is the reason for the beat flux maximum (Fig. 5) being closer to the wall in the laminar case. Because of the turbulence-intensified energy exchange, the maximum heat flux is still larger for the turbulent flow, though. At the outer cylindrical wall this effect is also present, but not as distinct as at the inner wall.
It is striking that the vortices are larger in the corners adjacent to the inner cylindrical wall than at the outer wall for both flows regimes, the laminar and the turbulent flow. This behaviour can be attributed to the concave-convex shape of the cylindrical walls. At both corners at the inner wall the angle of impingement is less than 90° and is becoming smaller the nearer the flow particles are to the cavity center. That is due to the convex wall shape.
At the outer wall, which is concave, the angle of impingement is much closer to 90 0 and is hardly becoming smaller for flow particles closer to the cavity center. This inhibits larger vortices. The buoyancy effects not only cause the fluid motion in this rotating cavity, but they also strongly influence the flow structure details. In the turbulent case the corner vortices 2 and 4 are significantly damped while the vortices in corners 1 and 3 (Fig. 2) are slightly larger compared to the laminar flow. Obviously the vortices in corners 1 and 3 are not only driven by the main flow but also by the density gradients within these vortices. E.g. for corner vortex 1 (Fig. 7) the air is cooled down at the inner cylindrical wall so the fluid particles in the corner vortex near the Laminar Turbulent segmentation wall are cooler and thereby denser than those on the main flow side of the vortex. In combination with the centrifugal acceleration field, this induces buoyant forces driving this vortex additionally.
Due to the increased heat exchange the air is cooled down further in the turbulent case increasing the buoyant driving force and offsetting the effect of the turbulence induced higher shear forces. This explains the large extension of the corner vortices in corners 1 and 3 (Fig. 2) in radial direction. In the region nearer to the axial side walls this corner vortex is further damped due to the proximity of the side wall, which causes additional shear stresses. That is the reason why this vortex is more strongly damped in the Isotherms on the walls of the rotating cavity turbulent case (Fig. 8) . Here the shear stresses are stronger than the buoyant forces.
In the turbulent case the flow is slowed down further than the laminar one in the boundary layer. This not only becomes obvious through Fig. 8 , but also through the effect of the slow-down on the beat transfer, which can be seen in the 3D wall temperature distribution in Fig. 9 . In the turbulent case the convection in the flow direction is smaller compared to the effective temperature diffusivity due to the decreased velocity. This results in a stronger temperature gradient in the radial direction in the corner region between the segmentation wall and the axial side wall.
Looking at the resulting integral heat flux through the cavity one realizes that the Nu-number is approximately 10% higher for the case of turbulent flow (Table 2 ). This indicates that the heat flux enhancing effect of the turbulent motion is stronger than the convective flow damping effect of the increased shear. Bohn et. at (1995 Bohn et. at ( , 1996 have estimated that because of the not perfectly adibatic side walls the Nu-number obtained from experiment underestimates the real value between 10% and 20%. This means the flux in the turbulent calculation, which is 17% higher than the experimental value, lies well within the experimental range. Comparison between 2D and 3D calculation
As described in the previous subsection, the flow structure in the rotating cavity is a product of a complex interaction between buoyancy and viscous forces. Because of the long computation time required to converge this strongly buoyant flow to 'steadystate, it is interesting to examine what can be achieved by a twodimensional approach. In addition, the role of the threedimensionality can be investigated. Therefore, the same cavity has been dismetized exactly like in the three-dimensional case with only one cell layer in axial direction and perodicity as boundary condition at the axial side walls.
In this approach the flow exhibits the same main flow features like the large main vortex but without the effects caused by the axial side walls. The only major difference in this concern is the vortex in corner 3. In the two-dimensional calculation this vortex is considerably larger than in the three dimensional one (Fig. 10) .
The similar flow structures in the two-dimensional case and in the middle plane in the three-dimensional case, are consistent with comparisons of the heat flux intensity on the cold wall. As one can see in Fig. 11 , the difference is negligible. However, in the proximity of the axial side walls the heat flux is considerably smaller. Here the viscous damping of the flow already has a significant effect The integral Nusselt-number therefore is somewhat higher in the two-dimensional case (Table 2) . At the outer cylindrical wall the heat flux intensity maximum is shifted towards the middle in two-dimensional case, which is due to the larger extension of the vortex in corner 3. Its absolute value is the same as in the three-dimensional case.
This means that the three-dimensionality of the buoyancy induced flow in the examined rotating cavity does not have a very large impact on the overall heat flux. However, there are significant differences concerning the local heat flux distribution. In a real machine setup these differences and especially the differences in circumferential direction, which for the present moderate Ra-number of 1.638 • 109 amount up to a ratio of 29.3, will cause differences in the wall temperature. These temperature differences increase thermal stresses in the rotor.
SUMMARY AND CONCLUSIONS
Investigations have been carried out on the convective heat transfer in a closed rotating annulus with 45°-segmentation and with a purely radial heat flux imposed. While the inner and the outer cylindrical walls were held at a constant temperature the side walls were thermally insulated.
For this configuration two-and three-dimensional calculations were performed for a moderately high Ra-number and compared to experimental data. It was found out that turbulence could be successfully simulated for this Ra-number.
By comparing the laminar and the turbulent simulation it was found that the heat exchange intensifying effect of the turbulent motion on the heat transfer is stronger than the convective flow motion damping effect of turbulence, leading to a net increase in heat transfer through turbulence. Turbulence is also responsible for a significant increase in the ratio of the local maximum and minimum heat transfer intensity on the cylindrical walls.
In addition to the effects of turbulence it is also shown that, although the three-dimensionality of the flow has only little impact on the overall heat transfer in the cavity, there exist considerable differences in the local heat transfer in the proximity of the side walls. Temperature differences caused by the large heat flux inhomogeneities in the local heat flux intensity should be considered for the design of modern High Temperature Gas Turbines.
Further investigations should extend these results to other points of operation, i.e. different Ra-numbers as well as to the wiseaored rotating annulus, in which additional aspects of the flow stability occur.
